We present the results of an experimental investigation into the behavior of a strongly advected jet ͑weak jet͒ in a coflowing ambient fluid. Laser-induced-fluorescence and image processing techniques are employed to provide quantitative information about the mean properties of the flow. Data are obtained at previously inaccessible distances from the flow source, enabling the mean and fluctuating behavior of the flow in the strongly advected region to be more clearly defined. The spread relationship, traditionally employed to model the mean behavior of these flows, is redefined based on this experimental information. Both the spread constant and the ratio of the tracer to the velocity spread are shown to change in the strongly advected region. The results presented are discussed in the context of recent observations about the importance of large-scale eddy motions in defining the mean behavior of weakly advected jets and plumes. In addition the experiments provide information on the contrasts between the mixing processes in the weakly advected and strongly advected coflowing jet regions, and their influence on the mean behavior of these flows. Concentration fluctuation statistics from both regions are presented and implications for the application of the entrainment assumption in the strongly advected region are also discussed.
Introduction
This paper focuses on the growth of a nonbuoyant discharge in a coflowing ambient fluid, placing particular emphasis on the strongly advected region of the flow. Within this region the centreline velocity is traditionally adopted as the appropriate characteristic velocity for defining the spreading rate of the discharge ͑Antonia and Bilger 1974; Knudsen 1988͒. However, more recent studies ͑Wright 1994; Chu et al. 1999͒ have suggested that the cross-sectional spatially averaged velocity ͑approximately one half of the centreline velocity͒ is the appropriate characteristic mixing velocity and this reduces the rate of spread of the jet in the strongly advected region by a factor of 2. This issue has not been resolved because of a lack of experimental data in the strongly advected region and because of the unknown influences of ambient turbulence.
In a recent experimental investigation Nickels and Perry ͑1996͒ measured velocity fields in coflowing jets in a wind-tunnel facility. Here the impact of ambient turbulence was minimized and measurements were made in the weakly advected region and in the region where the transition from weakly to strongly advected behavior occurs. The ambient turbulence level was less than 0.6% and assumed to have no impact on the behavior of the jets in both regions. This approach is typical of traditional investigations into coflowing jets such as those conducted by Antonia and Bilger ͑1973͒; Smith and Hughes ͑1977͒; and others. A comparison of the spread data from existing experimental data sets is shown in Fig. 1 . There is significant scatter in the data and this could be due in part to the impact of ambient turbulence. Indeed the impact of ambient turbulence on the mixing of jets has not yet been quantified. Data extend well into the transition region, but the expected asymptotic behavior in the strongly advected region is not yet evident. It is not therefore possible to determine with confidence the appropriate spread constant or characteristic velocity for jet mixing from existing data.
Here the results of an experimental investigation into the behavior of coflowing jets are reported. Laser-induced fluorescence ͑LIF͒ and image processing techniques are employed to accurately measure concentration profiles of a coflowing jet. Significant quantities of data are obtained in the strongly advected region, up to nondimensional distances in the region of 1,200 ͑previously the maximum was approximately 100͒. The experiments were conducted in a towing tank and carefully designed to eliminate the impact of ambient turbulence.
Discharge Configuration and Modeling Issues
As is typical for this type of problem, a coflowing jet is created when a nonbuoyant fluid discharges from a cylindrical port of diameter d p , at an initial velocity U 0 , parallel and in the same direction as the moving ambient fluid, which has a uniform velocity of magnitude U a . The discharge may also contain a uniformly mixed tracer of concentration C 0 . The release configuration is shown in Fig. 2 and it is worth noting that the coordinate x represents distances from the source in the direction of the ambient current.
Integral models for this problem have been formulated by authors such as Antonia and Bilger ͑1974͒; Knudsen ͑1988͒; and more recently Wright ͑1994͒ and Chu et al. ͑1999͒. Therefore it is not necessary to repeat the formulation here. Where these formulations differ notably, however, is in the selection of an appropriate characteristic velocity for the spread of the flow in the strongly advected region and it is this difference that provides in part the motivation for the current investigation.
Recent modifications to the form of this closure equation are based on experimental investigations that have indicated the importance of large-scale structures in defining the nature of similar flows. For example, investigations by Dimotakis et al. ͑1983͒; Papantanonia and List ͑1989͒; and Davidson and Pun ͑1999͒ have shown the importance of large scale eddies in defining jet behavior. Consistent with these previous observations, during the present experimental investigation the large eddies were seen to drive the jet mixing. At a given location large eddies repeatedly form and during this formation process they entrain significant quantities of ambient fluid. This increase in eddy volume increases the scale of the jet and hence it grows. The entrained ambient fluid is mixed with the jet fluid as the large eddies break down to smaller scales.
Given the experimental evidence showing the importance of the large scale eddies in driving the entrainment process, an argument can be made for the use of the cross-sectional average velocity in the spread relationship by considering the formation of a highly idealized large eddy at a given jet cross section. Relative to the ambient motion, the large eddy is being advected by the spatially averaged excess velocity Ū e . Near the center of jet the fluid forming the eddy is on average ͑temporal͒ moving at the centerline excess velocity U e . Therefore relative to the total mean motion, the central jet fluid is moving with a velocity of U e ϪŪ e ϷŪ e . At the outer edge of the jet the mean velocity approaches 0 and hence relative to the total mean motion the velocity is ϪŪ e . The shear in the fluid therefore drives a rotation ͑large eddy͒, with velocity Ū e , which spans the jet radius engulfing significant quantities of ambient fluid. Hence it is the spatial mean velocity that is characteristic of the formation of large eddies, and these are the eddies responsible for the increase in the scale of the jet. It is appropriate then to relate the scale of the jet b to the characteristic velocity of large eddy motion db dt ϳŪ e
The mean motion of the jet fluid is given by
and therefore the spread relationship can be written as
Introducing a spread constant k into the equation and letting Ū e ϭU e /C JK , we can write
where bϭradius at which the local mean velocity equals e Ϫ1 U e , the value of the spread constant is 0.107 ͑from a jet a still ambient fluid, Papanicolaou 1984͒ and C JK has a value of approximately 2. Defining the spread relationship in this way is consistent with the work of Wright ͑1994͒ and Chu et al. ͑1999͒. In contrast, if the centerline excess velocity is adopted in the closure equation, then C JK has a value of 1. The latter value was originally adopted by Patel ͑1971͒ to model the behavior of a plane jet in a coflowing ambient fluid. Antonia and Bilger ͑1974͒ and Knuden ͑1988͒ employed the same relationship when modeling the behavior of an axisymmetric jet in a coflowing ambient fluid. It is perhaps useful to note at this stage that the integral formulations yield relatively simple and well-known asymptotic solutions in the weakly and strongly advected flow regions of the flow.
Weakly Advected Region: Strong Jet
In this region the initial excess momentum per unit density ͓ M e0 ϭ(U 0 ϪU a )U 0 d p 2 /4͔ determines the discharge behavior and the flow resembles a jet discharged into a still ambient fluid. Recognizing that the ambient velocity is very small relative to the jet centerline excess velocity gives
in which Cϭcenterline mean tracer concentration; U ar ϭU a /U 0 ; and I m and I qc ϭintegral constants with values of 1.74 and 1.99, respectively ͑see for example Davidson and Pun 1999͒ .
Strongly Advected Region: Weak Jet
In the strongly advected region the ambient velocity plays an important role in defining the motion of the effluent. The governing parameter is the ratio of the initial excess momentum ͑per unit density͒ to the ambient velocity (M e0 /U a ). In this region the ambient velocity is very large relative to the jet centerline excess velocity and the integral formulation can be simplified to yield the following solution:
in which I q (ϭ) and I c ϭintegral constants. The value of I c is dependent on the ratio of tracer to velocity spread , and this has a value of 1.19 in the weakly advected region ͑Fischer et al. 1979 and others͒ giving a value of 4.45 for the integral constant.
The solutions in the weakly and strongly advected regions provide signatures of effluent behavior, which make the weakly and strongly advected regions relatively easy to identify. The dominant parameters from the two regions combine to form a length scale X sw
This length scale provides an order of magnitude estimate of the location of the transition between weakly and strongly advected behavior. Existing experimental data indicate that the transition occurs over 2 orders of magnitude of distance, where
Thus to obtain reliable data in the strongly advected region, experimental data must be gathered at dimensionless distances well in excess of 100. Currently spread data have been gathered to a maximum dimensionless distance of 85. Thus comprehensive experimental information exists for the weakly advected and transition regions, but not the strongly advected region. Additional information can therefore be obtained by gathering experimental data within the strongly advected region of the flow.
Experimental System and Analysis Techniques
The experimental investigation was carried out in the Water Resources Research Laboratory at the Hong Kong University of Science and Technology. This laboratory houses a towing tank which is 15 m in length, 2 m wide, and 1.6 m deep. The towing tank was filled to a depth of 1.2 m with fresh water. A 1.6 or 4.7 mm diameter source pipe was attached to the computer-controlled carriage, so that it discharged horizontally at a location 600 mm below the water surface. The carriage was programmed to tow the source through the ambient fluid at a specified speed and in this way a discharge into a uniform ambient current was simulated. The source and ambient fluids were both fresh water and the densities of these fluids were accurately monitored using a precision density meter ͑PAAR DMA58͒. A LIF system was employed to record the behavior of the jets. The light source for the system was a 6 W argon laser that was operated in a single mode at a wavelength of 514 nm. The laser light power was set at 2.0 W for these experiments. The laser beam passed through an optical fiber, which carried the beam onto the carriage of the towing tank. The optical fiber terminated where the laser beam passed onto a rotating mirror, which scanned the beam across a parabolic mirror. This combination of mirrors produced a parallel-planar light sheet. The light sheet was normally located such that its width was approximately 500 mm and its depth 5 mm in the region of interest. With this system the light sheet moved with the carriage and hence the distance from the jet source, to the portion of the jet under observation, remained constant for the duration of the experiment. Additional experiments were conducted where the light sheet remained stationary as the source moved away from the point of observation. This enabled us to observe the discharge behavior over a wide range of distances from the source. Each experiment was repeated several times, so that representative data could be obtained at locations of interest. Software tools were developed to enable concentration profiles to be extracted at fixed distances from the moving source, which requires that profiles at a particular distance from the source be tracked through a sequence of images. A more detailed description of this profile tracking system is given in Wang and Davidson ͑2001͒.
Ambient motions could have a significant impact on the behavior of the discharge in the strongly advected region. A stilling mechanism, which consisted of a 100 mmϫ2.0 mϫ1.5 m fine filter mesh, was installed in the tank to assist in dissipating motions in the receiving water. Before the beginning of each experiment, the motion of particles in the tank was observed to ensure that the receiving water was still. An additional problem is the ambient turbulence generated by the discharge structure ͑an approximately 2 mm or 5 mm external diameter pipe, with restraining wires͒. The approach taken to overcome this problem was to generate a weakly advected jet near the source. In this way ambient turbulence, generated by the discharge structure in the vicinity of the jet, was largely entrained into it in a region where its influence was negligible. This approach also ensures that the distance from the source to the strongly advected region is relatively long, al-lowing the ambient turbulence more time to dissipate before it can have a significant influence on jet behavior. In addition the crossflow Reynolds numbers ͑based on the ambient velocity and external diameter of the discharge structure͒ were relatively small and hence the turbulence generated was relatively weak.
Evidence to suggest that the approach taken in dealing with the pipe wake problem was successful includes the fact that the crossflow Reynolds numbers ranged from 16 to 750, but there was no appreciable difference in the behavior in the strongly advected region of the flow. In addition, if the pipe wake were to have an impact on the flow behavior it is likely to be asymmetric, with the portions of the jet directly behind the pipe being more significantly affected than those portions below the pipe. There was no evidence of asymmetry in the experimental results that would suggest the pipe wake was having a significant influence on the flow behavior.
The behavior of the jets, in the light sheet, was observed by adding a fluorescent dye tracer to the source fluid. The dye tracer was Rodamine 590; this dye fluoresces when illuminated with light of wavelength 514 nm and emits light at a wavelength of 590 nm. The observation system consisted of a low-light security video camera ͑Panasonic WV-BP510/G͒ and a video recorder ͑Panasonic AG-6730͒. The Panasonic camera was operated such that its automatic light compensation features were inactivated. The camera was fitted with a filter that eliminated light at a wavelength of 514 nm, thus the only light recorded by the observation system was that generated by the fluorescing dye. A schematic diagram of the experimental system is shown in Fig. 3 . A difficulty with this type of setup is the possibility of surface waves altering the path of the light sheet. This was overcome by inserting a glass bottom open container in the free surface ͑not shown in Fig. 3͒ where the light sheet enters the receiving water.
For some of the experiments the laser sheet was turned so that a slice was taken perpendicular to the jet axis. In this situation the video camera and light sheet were also placed in a stationary position and the evolution of the jet was observed with increasing distance from the source.
The initial tracer concentration was adjusted so the jet was clearly visible to the video camera in the region of interest, while ensuring that the image was not saturated and light sheet attenuation was at acceptable levels. In the region of interest the concentrations were on the order of 0.001-0.01 mg/L, whereas as the source concentration could be has high as 1.5 mg/L. The latter value depends on the degree of dilution expected at the distance from the source where the measurements were being made. A Fluorometer ͑Sequoia-Turner 450͒ was used to monitor the initial tracer concentration in the experiments. The video images were later digitized using a Data Translation ͑DT2867͒ image capture board and processed on a PC.
The processing of the digitized images ͑or profiles͒ involved removing background light, correcting for variations in the sheet light intensity, and calibrating the image ͑or profile͒. Following this processing the intensity of light at each pixel was directly and consistently related to tracer concentration. Digitized images of a 50 mmϫ50 mm grid were also analyzed to provide spatial calibrations for the images. Sufficient numbers of images ͑or profiles͒ were digitized such that the total sampling time was normally in excess of 50 times the large eddy advection time scale ͕b/(U a ϩU e /2)͖. Profiles were typically extracted from video at 4 Hz because of their relatively small size, whereas complete images where sampled at 1 Hz. Averaging the digitized images ͑or profiles͒ provided details about the mean behavior of the jets. The complete set of images ͑or profiles͒ was also analyzed to provide information on fluctuation statistics, such as the root mean square and the intermittency of the concentration. Note that in the case of the concentration profiles extracted using the profile tracking system, the mean and fluctuation statistics were obtained from an ensemble of data taken from a set of identical experiments.
In some instances a correction was applied to the dilution data, which was based on tracer flux conservation ͑Wang 2000͒. Reasonable estimates of the tracer flux could be obtained in the strongly advected region without velocity measurements because the excess velocity is very small relative to the ambient velocity. In many cases the corrections required were less than 10%, but more significant corrections ͑ϳ30%͒ were required for some data sets. The reasons for such corrections are not clear, however the fact that a single correction factor was required for a particular experiment suggests that there may have been problems with the laser light source or initial concentration measurements for those particular experiments. It is worth noting that the tracer flux corrections do not affect the spread data and that the corrected dilution data are consistent with the data that required little or no correction.
Models Predictions and Experimental Results
In presenting the experimental results we begin by considering the mean behavior of the discharge and compare our experimental results with predictions from the model outlined earlier in this paper. We then present the concentration fluctuation statistics obtained for the coflowing jets and discuss this information in the 
Mean Properties
It was assumed in developing the coflowing jet integral model that the concentration profiles are both Gaussian and self-similar. Evidence of the validity of this assumption is given in Fig. 4 . Here concentration profiles are plotted from data obtained in the weakly advected region, strongly advected region, and from the transition between these two regions. The Gaussian model pro- jets. However the information is in terms of tracer spread and the value of is not known in the strongly advected region. For this reason we alter the spread assumption ͓Eq. ͑4͔͒ so that it is written in terms of tracer spread 
Combining information gained from the new experimental results in Figs. 5 and 6 with information from previous velocity data ͑Fig. 7͒, the values of the constants in Eqs. ͑13͒ and ͑14͒ can Fig. 7 the model predictions are only influenced by the value of C JK . Here predictions from models employing the centerline velocity (C JK ϭ1) and cross-sectional average velocity (C JK Ϸ2) in the closure equation are shown for comparison. It is evident that neither of these models provides particularly good predictions in the transition and strongly advected regions. The centerline velocity model has a tendency to underpredict the velocities, whereas the average velocity model overpredicts them. The data shown extends well into the transition region and has a tendency to diverge as the dimensionless distance approaches 40. However up to a dimensionless distance of approximately 20, the data sets are consistent with each other and with model predictions based on C JK ϭ1.55. Additional confirmation of the resulting values can be obtained by employing them to convert the tracer spread data, from the present study, to velocity spread data and the resulting data set is consistent with existing velocity spread data ͑Fig. 8͒. The fact that the value of C JK is not the expected value ͑Ϸ2͒ suggests that the spread constant k increases to a value of 0.14 in the strongly advected region.
Alternatively an entrainment assumption ͑Morton et al. 1956͒ could have been employed to close the coflowing jet problem. The use of a particular form of the spread assumption has specific implications for the form of entrainment function. The entrainment function for a jet in a coflowing ambient fluid can be written as
In the weakly advected region the entrainment function collapses to the well known result ␣ϭI q k/2Ϸk/2 ͑List and Imberger 1973͒. In the strongly advected region the entrainment function collapses to ␣ϭI q 2 k/I m C JK Ϸ1.16k.
The values determined above indicate a 30% increase in the value of in the strongly advected region. This change is indicative of significant changes in the nature of the mixing in the strongly advected region.
Mixing Processes
Fluctuation statistics measured in a jet in a coflowing ambient fluid are shown in Figs. 9 and 10. Centerline and peak values of the root-mean-square of the concentration fluctuations are shown in Fig. 9 ͑profiles can be seen in Wang 2000͒. Near the source the centerline values resemble those obtained in a jet in still ambient fluid, that is, the maximum standard deviation is approximately 30% and in this region the profiles are self-similar. However as the nondimensional distance from the source increases the strength of the fluctuations ͑relative to the local mean concentration͒ begins to increase and self-similarity is lost. These changes suggest that the structure of the turbulence is beginning to change. Evidence of this can be seen in the transition region and well into the strongly advected region. The differences between the dimensionless root-mean-square values in the strongly and weakly advected regions are large, with the maximum approaching 100% in the strongly advected region as opposed to 30% in the weakly advected region. It is also evident that the peak values are generally higher than the centerline values in all regions of the flow. This is indicative of the double-peaked distribution that is commonly observed in the weakly advected region, but is also evident in the strongly advected region of the flow, although the data in the latter region is less consistent ͑Wang 2000͒.
Changes in the intermittency profiles with downstream distance are consistent with those observed in the dimensionless root-mean-square values and the centerline values from the intermittency profiles are shown in Fig. 10 . Close to the source the intermittency values in the central regions of the jet approach 1, indicating that only a small amount of relatively pure ambient fluid reaches these regions and this is consistent with the observation of jet behavior in a still ambient fluid. However as the dimensionless distance from the source increases, and the flow enters the transition and strongly advected regions, the intermittency falls. This indicates significant changes in the turbulent structure of the flow and that the probability of finding relatively pure ambient fluid in the central regions of the flow is increasing. Again the changes are severe with the probability of not finding relatively pure ambient fluid in the central regions of the flow dropping from approximately 1 in the weakly advected region to 0.6 in the strongly advected region. The data also indicate that this value is continuing to fall with increasing dimensionless distance from the source. With the increased likelihood of finding ambient fluid in the central regions of the flow, the relative strength of the concentration fluctuations will increase and this is evident in the root-mean-square data in Fig. 9 .
Changes in the flow structure can be seen in the images obtained during the experiments. Fig. 11 shows a sequence of images ͑1.0 s apart͒ obtained in the weakly advected region of the flow. The structure is typical of that observed in jets in a still ambient fluid. Large eddies can be seen forming, entraining significant quantities of ambient fluid, breaking up into smaller eddies, and mixing the ambient fluid with the jet fluid. These images Fig. 9 . Root-mean-square data obtained at a range of downstream distances in coflowing jet. Initial velocity ratio was 0.0141-0.103 and port Reynolds number was 2,100-3,300.
Fig. 10.
Intermittency data obtained at a range of downstream distances in a coflowing jet. Initial velocity ratio was from 0.0141 to 0.103 and port Reynolds number was from 2,100-3,300. Threshold value for these calculations was set at 0.0006 mg/L. also indicate the significant complexity of the mixing process. As the large eddy forms smaller eddies ͑resulting from the breakdown of large eddies upstream of the present location͒ are caught up in the formation process, as they continue to contribute to the mixing of the ambient and jet fluids. In contrast images obtained from the strongly advected region are more typical of a wake flow ͑Fig. 12͒. A sequence of essentially isolated large eddies is seen to be transported downstream by the ambient current and there is an obvious reduction in the range of eddy scales. These changes have significant impacts of the rate of dilution and energy dissipation.
The reduction in the range of eddy scales in the strongly advected region is also indicative of the flow Reynolds number becoming dependent on the downstream distance. A Reynolds number for the flow can be defined based on the centerline excess velocity and the spread of the flow. In the weakly advected region this Reynolds number is a constant with respect to distance from the source x. However in the strongly advected region this Reynolds number is proportional to x Ϫ1/3 and therefore it reduces with increasing distance from the source, as does the range of eddy scales present in the flow. The experimental data presented in this paper was conducted for discharge Reynolds numbers ͑based on the initial velocity and the port diameter͒ ranging from 1,900 to 5,100. The value of this initial Reynolds number did not appear to have a significant influence on the flow behavior in either the weakly or strongly advected regions.
Conclusions
In this paper we have presented the results of an experimental investigation into the behavior of a nonbuoyant discharge in a coflowing ambient fluid. Laser-induced fluorescence and image processing techniques have been employed to obtain concentration data and we have placed an emphasis on obtaining experimental data in the strongly advected region of the flow, where limited information exists about the flow behavior. Data have been obtained at dimensionless distances that are at least an order of magnitude greater than previous investigations.
Mean concentration profiles have provided information on the spread and dilution of the discharge. In the strongly advected region we have provided evidence that the spread relationship should be modified to allow for the fact that the spread constant changes in this region. An entrainment function that provides the same solution as the modified form of the spread function has also been presented. In addition the results suggest that changes in the structure of the flow in the strongly advected region result in an increase in the difference between the spread of the velocity and concentration profiles.
Fluctuation statistics have been obtained in the weakly advected, transition, and strongly advected coflowing jets. The dimensionless root mean square of the concentration fluctuations in the central regions of the flow is seen to increase significantly as the flow enters the transition and then strongly advected regions. Consistent with this is a significant reduction in the intermittency within the jet in these regions. Increased quantities of relatively pure ambient fluid are able to enter the central regions of the flow because of the changing jet structure and hence the probability of not finding ambient in these regions is reduced, whereas the strength of the fluctuations increases ͑relative to the local mean concentration͒. These observations are supported by images showing the turbulent structure of the flows recorded in the weakly and strongly advected regions. There is an obvious reduction in the range of eddy scales in the strongly advected region, which is consistent with the reducing flow Reynolds number in this region.
X SW ϭ length scale for the transition between weakly advected jet and strongly advected jet regions; x ϭ Cartesian coordinate in same direction as ambient velocity and distance from jet virtual source; ␣ ϭ entrainment coefficient; and ϭ difference in width of velocity and tracer concentration distributions.
